Old age is associated with a poor recovery from traumatic brain injury (TBI). In a retrospective study we investigated if the biochemical response following TBI is age dependent. Extracellular fluids were continuously sampled by microdialysis in 69 patients admitted to our NSICU following severe TBI. The concentrations of glycerol, glutamate, lactate, pyruvate, and eight different cytokines (IL-1b, IL-6, IL-10, IL-8, MIP-1b, RANTES, FGF2, and VEGF) were determined by fluorescence multiplex bead technology. Patients in the oldest age group ( ‡ 65 years) had significantly higher microdialysate concentrations of glycerol and glutamate compared to younger patients: the mean microdialysate concentration of glycerol increased from 55.9 lmol/L (25-44 year) to 252 lmol/L ( ‡ 65 years; p < 0.0001); similarly glutamate increased from 15.8 mmol/L to 92.2 mmol/L ( p < 0.0001). The lactate-pyruvate ratio was also significantly higher in the patients ‡ 65 years of age (63.9) compared with all the other age groups. The patterns of cytokine responses varied. For some cytokines (IL-1b, IL-10, and IL-8) there were no differences between age groups, while for others (MIP-1b, RANTES, VEGF, and IL-6) some differences were observed, but with no clear correlation with increasing age. For FGF2 the mean microdialysate concentration was 43 pg/mL in patients ‡ 65 years old, significantly higher compared to all other age groups ( p < 0.0001). Increased concentrations of glycerol and glutamate would indicate more extensive damaging processes in the elderly. An increase in concentration of FGF2 could serve a protective function, but could also be related to a dysregulation of the timing in the cellular response in elderly patients.
Introduction
T raumatic brain injury (TBI) is a significant problem in senior citizens, with old age being associated with a poor recovery from brain injury (Hukkelhoven et al., 2003; Livingston et al., 2005; Thompson et al., 2006) . The poorer prognosis has prompted some investigators to advocate a more conservative approach in elderly patients with moderate and severe TBI (Gan et al., 2004) . For several reasons, including the steady improvement of health in the elderly population, this attitude needs to be balanced with an ambition to improve the understanding of the age-specific responses, as well as the special needs, of the elderly brain. At the present, little is known about the efficacy of TBI treatment in older patients. Clearly, it is not age per se that is the cause of poor prognosis, but age-related factors that may be open to therapeutic interventions (Cekic and Stein, 2010; Fabbri et al., 2008) . It is therefore important to achieve a greater understanding of the pathophysiological processes following TBI in the elderly.
In this preliminary and retrospective study we used microdialysis to study the release of different metabolites and cytokines in the cerebral extracellular space following severe brain injury, and analyzed the data in order to detect possible age-related differences in the cerebral biochemical response to TBI. The study is part of an ongoing project, aimed at optimizing the care of NSICU patients (Mellergard et al., 2008 (Mellergard et al., , 2010 (Mellergard et al., , 2011 .
Methods

Patient sample
The Ethical Committee of the University Hospital of Linkö ping granted ethical approval for the study. The study involved 69 patients (48 males and 21 females, mean age 45.9 years) admitted to the neurosurgical clinic of Linkö ping University Hospital for treatment of severe TBI. Due to the severity of their condition, all patients were treated in a specialized NSICU, with designated treatment protocols and multimodality monitoring allowing adjustment of therapy to meet individual needs. For trauma patients, our standard treatment protocol is based on the Lund concept (for more details, see Sturnegk et al., 2007) . Table 1 describes the age distribution and the outcome at 6 months as described by the Glasgow Outcome Scale (GOS). In the oldest age group ( > 65 years) the GOS score was known for 10 of the 11 patients. As seen in Table 1 , the outcomes of these patients were very poor, with a mortality rate of 80% at 6-month follow-up. However, while in the NSICU the large majority of these older patients were in stable condition. Only two patients in the oldest age group had prolonged periods of increased ICP (above 30 mmHg), in one patient this was combined with a longer period with CPP below 50 mmHg. Another four patients in this group had occasional readings of ICP above 25 mmHG, but never with the CPP going below 50 mmHg.
Sampling of microdialysate
Microdialysis has been an integrated part of the multimodality monitoring of seriously injured patients in the NSICU of Linkö ping University Hospital for many years. The insertion and handling of microdialysis catheters followed our normal routines as previously described in detail Mellergard et al., 2008) . CMA71 catheters (with 100 kDa cut-off ) were perfused at a standardized flow of 0.3 mL/min with Ringer-Dextran 60 (RD60, Braun Medical, Stockholm, Sweden) or poly-(0-2-hydroxyethyl) starch in 0.9% sodium chloride (Voluven ª , Fresenius Kabi, Stockholm, Sweden), utilizing the CMA 106 perfusion pump (CMA Microdialysis, Stockholm, Sweden). For the first 63 patients the perfusate used was Ringer-Dextran 60; for the last seven patients the catheters were perfused with Voluven. The change of perfusate was due to withdrawal of Ringer-Dextran from the market, due to limited commercial demand. (When analyzing our total sample of close to 250 patients undergoing longer periods of microdialysis, in which 27% had been perfused with Voluven, we did not detect any differences in the pattern of recovery of biomolecules related to the type of perfusate.) Two-hour samples were continuously collected and analyzed at bedside for glutamate, glycerol, lactate, and pyruvate using the CMA 600 analyzer (CMA Microdialysis). Consecutive 6 h samples were continuously collected and frozen ( -70°C) for later analyses in the laboratory.
We have previously shown significant and transient effects on extracellular interleukin concentrations associated with the insertion of a microdialysis catheter (Mellergard et al., 2008) . In the present series of seriously injured NSICU patients with highly individual needs, the catheter insertion time could not be standardized. Data from the first 24 h following insertion of a catheter was therefore not used.
The microdialysate was analyzed for the content of interleukin-1b (IL-1b), interleukin-6 (IL-6), interleukin-8 (IL-8), macrophage inflammatory protein-1b (MIP-1b), regulatedupon-activation normal T-cell expressed and secreted) (RANTES, also known as CCL-5), vascular endothelial growth factor (VEGF), and basic fibroblast growth factor (FGFb), with Fluorokine MAP Multiplex Assays for the Luminex platform (R&D Systems, Oxford, United Kingdom), a method based on multiplex bead technology, as previously described (Mellergard et al., 2008) . Briefly, different populations of polystyrene beads (5.6 lm in diameter) are covalently coupled with an antibody directed against a specific cytokine. After reacting with the cytokines found in the sample, the bead-antibody-antigen complexes are allowed to react with detection antibody amplification, and analysis is performed on a Luminex 100 instrument (Biosource, Nivelles, Belgium) (Fulwyler and McHugh, 1990; Kemeny, 1992) . IL-10 was measured with commercially available chemo-luminescence based enzyme-linked immunosorbent assays (ELISA Quantiglo, R&D System). This method is capable of detecting sub-picogram concentrations. All assays were performed according to instructions from the manufacturer.
Statistical analysis
All analyses were made on pooled data (i.e., from all samples in all patients in respective age group during the whole observation period). Unpaired student t-test were used for most of the statistical evaluation, or, when appropriate, with ANOVA with post hoc Fischer's PLSD. In the accompanying visual images, data are presented in boxplots, with the box representing observations between the 25th and 75th percentile, the lower bar being the 10th percentile and the upper bar the 90th percentile. The horizontal line within each box represents the 50th percentile (median). The level of significance was set at p < 0.05. Mean values are presented together with standard error of the mean (SEM).
Results
Concentration of metabolites in patients in different age groups
The patients were divided into four different age groups: < 25 years, 25-44 years, 45-64 years, ‡ 65 years. When analyzed with ANOVA, gradual and highly significant increases in the mean concentrations of glycerol and glutamate were observed in the three oldest age groups ( Fig. 1 and Table 2 ). Thus, the mean microdialysate concentration of glycerol increased from 55.9 lmol/L (25-44 years) to 88.4 pg/mL (45-65 years) to 252 pg/mL ( ‡ 65 years; p < 0.0001). Similarly, the mean microdialysate concentration of glutamate increased from 15.8 mmol/L (25-44 years) to 41.0 mmol/L (45-65 years) to 92.2 mmol/L ( ‡ 65 years; p < 0.0001). Although similar patterns were observed for lactate, pyruvate, and the lactatepyruvate ratio (Fig. 1C) , the concentration patterns were more (Table 2) . However, the lactate-pyruvate ratio was significantly higher in patients ‡ 65 years of age (63.9) compared with those in the other age groups (23.5-26.9). There were six patients older than 70 years. When these patients were compared with the rest, the difference in glycerol and glutamate concentrations appeared more pronounced. Thus, the mean microdialysate concentration of glycerol was 469.6 pg/mL in patients > 70 years of age (i.e., 5.8 times higher compared patients < 70 years; p < 0.0001). Similarly, the mean microdialysate concentration of glutamate was 123 mmol/L in patients 70 years or above, 3.8 times higher than in patients below 70 years of age ( p < 0.0001).
Concentration of cytokines in patients in different age groups
The results of the analysis of eight different cytokines are presented in Table 3 and Figure 2 . For three of the cytokines (IL-1b, IL-10, and IL-8), there were no differences in the mean microdialysate concentration between any of the four age groups. For two other cytokines (MIP-1b and RANTES), the difference observed between two groups ( < 25 years vs. 45-65 years) barely reached significance ( p = 0.03-0.04).
VEGF was lowest in the youngest age group (11.6 pg/mL), significantly so when compared with the two intermediate age groups. The mean microdialysate concentration of IL-6 was 1822 pg/mL in patients aged 45-65 years, significantly higher compared to the other three groups.
The most obvious observation involved FGF2, where the mean microdialysate concentration was 43 pg/mL in patients ‡ 65 years old, significantly higher compared to all other age groups ( p < 0.0001). When comparing patients older or younger than 70 years, there were no differences in mean concentrations for any cytokines, with the exception of FGF2.Thus, the mean concentration of FGF2 in the patients > 70 years of age was 51.8 -12.6 pg/mL (3.6 times higher than the mean value for patients < 70 years, p < 0.0001).
Comparison of patients with fatal outcome
As seen in Table 1 , patients that were 65 years or older had a much worse outcome compared to those in the other age groups, with 80% of patients ‡ 65 (with a known GOS score) not surviving to the 6-month follow-up. We therefore analyzed all patients with a known GOS of 1 (i.e., dead), comparing patients ‡ 65 years with those < 65 years of age. As seen in Table 4 , when patients with fatal outcomes were compared, the differences described above remained. Thus, the mean values for glycerol, glutamate, the lactate-pyruvate ratio, and FGF2 observed in the NSICU were significantly higher in the patients ‡ 65 years of age compared with the patients < 65 years, even if they were dead at 6-month follow-up.
Discussion
Traumatic brain injury (TBI) in older adults is a significant public health issue, with, for example, adults in the US aged 75 and older having the highest rates of TBI-related hospitalization and death (Thompson et al., 2006) . Unfortunately, increasing age is strongly associated with a poor prognosis both in experimental trauma models and following TBI in humans (Livingston et al., 2005; Onyszchuk et al., 2008; Rothweiler et al., 1998; Sendroy-Terrill et al., 2010; Susman et al., 2002) . Confirmed factors of poor prognosis for patients with GCS 3 or 4 and older than 65 years are closed basal cisterns and midline shift > 15 mm on the first CT (Brazinova et al., 2010) . The worse outcomes in elderly human subjects occur despite what appears to be less severe TBI, as measured by a higher GCS upon admission (Livingston et al., 2005; Susman et al., 2002) . 
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Several clinical reports from the last decade have shown that the age-related worsening of prognosis following TBI is not a phenomenon related only to very advanced age. In a large sample of 5600 TBI patients, Hukkelhoven and colleagues (2003) reported that the association between age and unfavorable/fatal outcome was continuous and could be adequately described in linear terms. These investigators found that the odds for a poor outcome increased by 40-50% per 10 years of age. Harris and colleagues (2003) reported that the risk of dying for patients suffering from head injuries increases as early as 30 years of age, while Livingstone and colleagues (2005) described that differences in functional outcome at one year after TBI begin to appear in patients between 45 and 59 years.
Despite the evidence that outcomes from TBI are related to age, there has been little research to explore potential mechanisms that can explain this phenomenon. From experimental studies it appears that the aged brain is more vulnerable to secondary processes, like prolonged acute edema, increased opening of the blood-brain barrier, and increased oxidative stress due to a relative shortage of freeradical scavengers, all of which would lead to increased neurodegeneration and a greater loss of function in the aged brain (Onyszchuk et al., 2008; Slemmer et al., 2008) . It has been proposed that elevated basal levels of corticosterone present in aged animals may mediate the enhanced vulnerability of aged animals to TBI (White-Gbadebo and Hamm, 1993). 
INCREASED RELEASE OF GLYCEROL, GLUTAMATE, AND FGF2 IN OLDER TBI PATIENTS
To our knowledge, conclusive age-related biochemical data from the human brain following TBI is entirely lacking. Although from a limited sample, the present results are therefore of interest, indicating that also in the human brain age is a determinant for the pathophysiological processes following severe traumatic brain injury.
It is generally accepted that excitatory amino acids play an important role in the development of cell damage following cerebral ischemia and trauma (Hazell, 2007; Matute et al., 2006) and the concentration of interstitial glycerol is generally assumed to reflect the degree of cell membrane degradation (i.e., destruction of cerebral tissue) (Frykholm et al., 2001; Stå hl and Nordströ m, 2001; Ungerstedt et al., 1997) . The gradual age-related increase in the mean microdialysate concentrations of glutamate and glycerol observed in our study are thus consistent with an expected poor prognosis associated with increasing age. The age-related increase in the lactat-/pyruvate ratio that was also observed may partly explain the increased damage, as it points to a role of insufficient utilization of oxygen in elderly patients.
The patterns of cytokine responses observed in our study were complex. For some cytokines (IL-1b, IL-10, and IL-8), 
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there was no indication of age being a determining factor for the release into the cerebral extracellular space. For other cytokines (MIP-1b, RANTES, VEGF, and IL-6), some differences were observed between age groups, but with no clear correlation with increasing age. The most interesting observation was the significant difference in the mean dialysate concentration of FGF2 in the oldest patients compared with that of other age groups. This was an unexpected finding since FGF2 is generally thought as having an important role in recovery from brain damage (Monfils et al., 2005; Mudò et al., (2009; Yoshimura et al., 2001) . However, based on data from experimental stroke models, it has been proposed that the timing of the cellular and genetic response to cerebral insult is dysregulated in aged animals. Thus, following stroke the critical, age-related differences apparent in the cytological response is accompanied by acceleration of the establishment of the glial scar (Petcu et al., 2008; Popa-Wagner et al., 2007) . It is plausible that a similar mechanism could be at work following TBI. If so, an increase in the FGF2 response could be a factor of importance.
Clearly, the interpretation of the present data has to be made with caution. Patients with severe TBI always represent a heterogenous group, with an array of different factors influencing the clinical course. The sample is too small to be analyzed in a continuous, non-discrete manner as recommended by Hukkelhoven and colleagues (2003) and our choices of age limits are arbitrary. There were only 11 patients in the older age group ( > 65 years of age), and we have not corrected for the exact length of monitoring in patients belonging to different age groups. Nevertheless, due to the previous lack of information on this subject, and with respect for some potentially important observations made, we believe the results are of interest to a wider audience.
Conclusion
With its limitations, the present study supports the hypothesis that age is one determining factor in the response of the human brain following severe traumatic brain injury. The age-related increase in the concentrations of glycerol and glutamate points to more extensive damaging processes in the elderly. The increase in lactate-pyruvate ratio indicates that one reason for this more extensive damage could be insufficient oxygen supply or utilization. The most interesting observation of the study is the age-dependent increase in the concentration of FGF2. This would actually be expected to serve a protective function. However, it may also support a hypothesis claiming that poorer prognosis in elderly patients following TBI and other types of brain injury is related to a dysregulation of the timing in the cellular response.
